Abstract-Human bodies provide a particularly rich source of visual information. Whereas most previous studies have focused on the neural mechanisms during the perception and recognition of human bodies, the aim of the present study was to investigate the time course and location of brain activation during mental imagery of human bodies. When participants were asked to imagine themselves in the position of a visually presented human body as seen from many different angles and at two orientations (upright or inverted), their reaction times were faster for upright as compared to inverted bodies and correlated differently with the tested angles. These behavioral effects were also reflected in brain activation patterns, but only during the time period from 220 to 490 ms after stimulus onset. Evoked potential mapping and electrical neuroimaging revealed three distinct and sequential steps of processing related to mental body transformation: (1) an early activation in temporo-occipital and temporo-parietal cortex (220 -360 ms) that does not distinguish between upright and inverted bodies, but closely reflects the effort of mental transformation, followed (2) by an activation in temporo-occipital and medial parieto-occipital cortex (350 -460 ms) that encodes mental transformation for upright bodies, and (3) a later activation in temporo-occipital and prefrontal cortex (390 -490 ms) that encodes mental transformation for inverted bodies. These data suggest that the mental transformation of human bodies is not a single process but a sequence of temporally distinct processing steps, where each step reflects a distinct aspect of the transformation process that consists of activations in a network of posterior brain areas including extrastriate cortex, temporoparietal cortex, and medial parieto-occipital cortex, as well as an anterior brain region in prefrontal cortex.
Perceiving and recognizing the actions, moods, and intentions of other people are important social skills, and human bodies provide a particularly rich source of visual information in support of these abilities. Recent neuroimaging research has unraveled several brain mechanisms involved in the visual perception and recognition of human bodies (Allison et al., 2000; Downing et al., 2001; Thierry et al., 2006; Urgesi et al., 2007) either of one's own or of others (Keenan et al., 2001; Sugiura et al., 2005) . These studies revealed the existence of an extended cortical network encompassing extrastriate areas, temporo-parietal and parietal cortex, as well as medial and lateral frontal regions. Another line of research has studied mental imagery with respect to human bodies. Mental imagery or mental transformation is the ability to imagine the rotation of an object (or human body) in space and is essential in many everyday cognitive tasks such as spatial reasoning, action planning and problem solving (Shepard and Hurwitz, 1984; Corballis, 1997) . Tasks that require mental transformations in space are generally referred to as "mental rotation" tasks, and these have repeatedly shown that when deciding on the congruency of a rotated object with reference to another, reaction times increase linearly with the increasing angle of rotation (Shepard and Metzler, 1971; Harris et al., 2000; Petit and Harris, 2005) . This typical monotonic response time (RT) function is generally interpreted as indicating that the process of mentally rotating an object is analogous to the physical rotation of an object which is constrained by physics to move through continuous points in space. This holds for objects (such as letters, numbers, and cubes) and also for body-parts. However, in the latter case, additional factors such as biomechanical constraints have also been shown to influence mental transformations (Sekiyama, 1982; Parsons, 1987b; Petit et al., 2003; Reed et al., 2003) . Parsons (1987a) showed that the time required to mentally simulate a movement is similar to the time taken to actually perform that movement or position change, if the orientations of the stimulus are familiar. This temporal similarity is not observed in the case of unfamiliar postures or body part positions (Overney et al., 2005; Petit and Harris, 2005; Ionta et al., 2007) . Such body constraints may also affect mental imagery for full human bodies.
There have been a number of neuroimaging studies on the mental transformation of external objects (Kosslyn et al., 1994; Cohen et al., 1996; Tagaris et al., 1996 Tagaris et al., , 1997 Pegna et al., 1997; Richter et al., 1997; Carpenter, 1999; Harris et al., 2000; Jordan et al., 2001; Vingerhoets et al., 2001; Gauthier and Tarr, 2002; Podzebenko et al., 2002; Harris and Miniussi, 2003) . These revealed an activation of parietal cortex, either exclusively in the right hemisphere (Harris et al., 2000; Harris and Miniussi, 2003) , the left hemisphere (Alivisatos and Petrides, 1997; Vingerhoets et al., 2001) , or bilaterally (Carpenter et al., 1999) . Studies measuring event-related potentials (ERPs) during the mental transformation of external objects revealed a negative component located over parietal scalp electrodes (Peronnet and Farah, 1989; Wijers et al., 1989; Yoshino et al., 2000; Milivojevic et al., 2003) . Using evoked potential mapping (EP mapping) and electrical neuroimaging, Pegna et al. (1997) found a topographic pattern (or EP map) between 400 and 600 ms that increased in duration for greater angles of rotation and was localized to right parieto-occipital cortex.
Fewer studies have investigated the neural mechanisms of mental transformations of body parts (Cooper and Shepard, 1975; Parsons, 1987b; Parsons et al., 1995; Kosslyn et al., 1998; Thayer et al., 2001; Overney et al., 2005; Thierry et al., 2006; Fiorio et al., 2007) . The neural mechanisms of body part mental transformations have been dissociated from those of non-bodily objects and localized to left parietal cortex (Bonda et al., 1996; Kosslyn et al., 1998; Ganis et al., 2000) . Using EP mapping and electrical neuroimaging, Overney and colleagues (Overney et al., 2005; Overney and Blanke, in press) found an EP map between 310 and 380 ms after stimulus onset, localized to the left medial parieto-occipital cortex, that increased monotonically with the angle of body part rotation.
Very few studies have investigated the neural mechanisms underlying the mental transformations of whole bodies (Parsons, 1987a; Zacks et al., 1999 Zacks et al., , 2002 Blanke et al., 2005) . In his seminal study using simple line drawings of whole bodies, Parsons (1987a) showed that when presented with a picture of a body, observers imagine their own body as rotating to match the body in the picture (this has also been observed with body part stimuli). Using schematic line drawings of whole bodies and measuring functional magnetic resonance imaging (fMRI) during a mental body transformation task, Zacks et al. (1999) revealed increased activation in temporo-occipital and temporo-parietal cortex, with a left hemisphere predominance for upright bodies and a right-sided parietal-temporaloccipital activation for inverted bodies. Using line drawings and whole body mental transformations in combination with EP mapping and electrical neuroimaging, Blanke et al. (2005) and Arzy et al. (2006) showed that such body transformations activate temporo-parietal cortex during a time period 330 -400 ms after stimulus onset and that this activation was not found during a lateralization task which did not require mental body transformation and when mentally rotating non-bodily objects (Blanke et al., 2005) . This temporo-parietal activation at 330 -400 ms was prolonged for larger angles of body transformations and depended on the type of imagined body transformation (Arzy et al., 2006) . Next to the temporo-parietal cortex, Arzy et al. (2006) also reported the implication of extrastriate cortex in mental transformations of whole bodies, probably including among other regions the extrastriate body area (Downing et al., 2001; Astafiev et al., 2004) .
Given the importance of neural body representations in the processing of social information, and the importance of mental transformation, next to perception, in the processing of human bodily stimuli, we investigated here the time course and location of brain activation for mental whole body transformations. Based on the different time periods of mental body transformations as suggested by previous EP research (Blanke et al., 2005; Overney et al., 2005; Arzy et al., 2006) . Also, we investigated whether mental body transformation is a single brain process or a sequence of brain processes at the suggested latencies. For this we used three-dimensional human bodies presented across different angles, EP mapping, and electrical neuroimaging. In addition, we investigated if such brain activations depend on whether mental body transformations were performed in response to upright bodies (as classically tested and most often encountered in natural conditions) or inverted (unfamiliar) bodies, as has been tested for body parts (Overney et al., 2005; Petit and Harris, 2005; Ionta et al., 2007) . We predicted (1) a monotonic increase in reaction times and error rates with the angle of upright, but not inverted bodies, based on Parsons (1987a) observation that unfamiliar postures or body positions impair or modify mental body transformations. We further predicted (2) that extrastriate and/or temporo-parietal activation in the time period of 300 -450 ms (Blanke et al., 2005; Arzy et al., 2006) would increase monotonically with the angle of upright bodies and that (3) the mental transformations of inverted bodies would-at least partly-be characterized by different neural mechanisms.
EXPERIMENTAL PROCEDURES Participants
Fourteen healthy volunteers (all male, aged 19 -25 years, meanϮSD: 22.2Ϯ3.7 years) participated in the experiment. All participants were right-handed, had normal or corrected-to-normal vision, and declared of having no history of neurological or psychiatric disorders. All participants gave written informed consent prior to inclusion in the study, which had been approved by the Ethical Committee of Lausanne (Switzerland).
Stimuli
3D humanoid body images were created using Autodesk Motionbuilder 7 (San Rafael, CA, USA). We created images as if rotated around the yaw axis or vertical axis of the humanoid figure (Fig. 1) leading to eight different angles of rotation. The angles used in the current study are 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°. All eight humanoid figures were shown in the same simple visual scene which consisted of the 3D humanoid figure and a mesh. Either the right or left hand of the figure was marked, and participants indicated which hand was marked (Fig. 1a , upright stimuli; the correct responses for each task are indicated in the figure legend). All stimuli had the same spatial dimensions (27.6°). Stimuli appeared for 200 ms in the centre of the computer screen, preceded by a fixation cross and an inter-stimulus interval of 1500 ms. We created eight other identical stimuli but inverted their orientation ( Fig. 1b; inverted stimuli; the correct responses for each task are indicated in the figure legend). The computer screen (Viewsonic Corp, CA, USA) and a distance (1 m) from the subject's eyes to the monitor were the same across both conditions.
Procedure
Across both upright and inverted conditions and for each stimulus presentation, participants were asked to imagine themselves in the position and orientation of the humanoid figure (Fig. 1) presented on a computer screen (Zacks et al., 1999; Blanke et al., 2005; Zacks and Michelon, 2005) . The participants were seated in an upright position on a chair with both their hands resting on a table in front of them. Their task was to indicate which hand was marked as has been classically used in tasks to assess mental transformation of body parts as well as whole bodies (Cooper and Shepard, 1975; Parsons, 1994; Corballis, 1997; Parsons et al., 1998; Zacks et al., 1999; Blanke et al., 2005; Ionta et al., 2007) . The task instructions were constant in both conditions. Responses were given via a button press on a serial response box. Responses were given using the index and middle finger. Five participants responded with the left hand and six participants with the right hand. The participants were instructed to respond as fast and precisely as possible but to always perform the requested mental imagery in both tasks before giving the response. Upright and inverted stimuli were presented in alternating fashion in a total of eight blocks (four blocks upright orientation; four blocks inverted orientation). Six of the participants began with an upright stimulus block and five participants with an inverted stimulus block. In every block, each stimulus appeared 10 times in randomized order giving rise to 160 visual presentations per block (eight angles with right hand marked; eight angles with left hand marked). Participants carried out practice trials presented at the start of the experiment for both the upright and inverted stimuli. In these practice blocks, each of the stimuli appeared once in randomized order. At the end of the experiment, subjective reports about their strategies were collected from all participants. For analysis, we collapsed the angles 45-315°, angles 135-225°, and angles 90 -270°as the results were similar for these pairs of angles and they represent the same angle of rotation in opposite quadrants. Hence we will look at results for the five angles of rotation: 0°, 45°, 90°, 135°, 180°for both upright and inverted conditions (Fig. 1) .
Task instructions. Across both upright and inverted conditions, participants were instructed with the following for each stimulus presentation: "imagine yourself in the position and orientation of the humanoid figure and indicate which hand is marked".
Analysis of behavioral data
We recorded RTs and error rates. Twoϫfive repeated measures ANOVAs were run on RTs and error rates for correctly responded trials with orientation (upright vs. inverted) and angles of rotation (0°, 45°, 90°, 135°, 180°) as within subject factors. Of the 14 participants, one was excluded from the study due to extremely prolonged RTs (exceeding the mean by more than 3 standard deviations). Two further participants had to be excluded due to a highly artifacted electroencephalography (EEG). Hence, for the final analysis, we treated data from 11 participants.
EEG recording and EP mapping
Continuous EEG was acquired with a Biosemi system (Biosemi, Inc., USA) from 192 scalp electrodes (impedances Ͻ50 k⍀; vertex referenced; 2000 Hz digitization; band-pass filtered 0.1-200 Hz) in a darkened, electrically shielded booth. Epochs of EEG (from 0 to 700 ms post-stimulus onset), only from trials yielding correct responses were averaged for each of the two experimental conditions and for each subject to calculate the EP. In addition to the rejection of sweeps where any channel exceeded the amplitude of Ϯ100 V, the data were visually inspected to reject epochs with blinks, eye movements, or other sources of transient noise. The mean percentage of accepted epochs per condition was 80%. For each subject's ERPs, artifacted channels were excluded and interpolated to a standard 192-channel electrode array. After this procedure and before group averaging, ERPs were band-pass filtered (1-40 Hz), baseline corrected and recalculated against the average reference.
As applied by many previous authors, the analysis of the 192-channel EPs was based on the examination of the spatial variations of the scalp voltage distribution over time and between conditions, an approach known as EP mapping (Lehmann et al., 1987; Pascual-Marqui et al., 1995; Michel et al., 1999 Michel et al., , 2001 Michel et al., , 2004 ). This analysis is identical to our previous EP mapping work (Blanke et al., 2005; Overney et al., 2005; Arzy et al., 2006 Arzy et al., , 2007 . This approach searches for time-segments of stable map topography that represent functional microstates of the brain during information processing. EP microstate segments were defined by using a spatial k-means cluster analysis to identify the dominant map topographies on the scalp in the groupaveraged EPs across the experimental conditions (upright and inverted) over time (Pascual-Marqui et al., 1995; Blanke et al., 2005) . These maps are the mean maps over the period where the segment was found. The optimal number of these template maps is determined by a modified cross-validation criterion (Pascual-Marqui et al., 1995) . In a second step the presence of a given EP map as identified in the group-averaged data is verified statistically in the EPs of the individual participants. This allows to determine the duration (number of time-points that were assigned to one microstate map) and the amplitude (or global field power, GFP) of a given EP map for each condition across participants. These values for a given EP map can then be subjected to statistical analysis. Statistical comparisons were performed on the duration (in ms) and amplitude GFP (in V) of each map (dependent variable) in the individual EPs using repeated measures ANOVAs, with the factors Orientation (upright vs. inverted) and Angle (0°, 45°, 90°, 135°, 180°). The amplitude of the GFP of each map is defined as the spatial root mean squared across all electrodes (Lehmann and Skrandies, 1980) .
Source localization
The neural generators for a given mean EP map were estimated by using a distributed linear inverse solution, based on a local auto-regressive average (LAURA) model (Grave de Peralta Menendez et al., 2001 Menendez et al., , 2004 as used previously (Blanke et al., 2005; Arzy et al., 2006 Arzy et al., , 2007 . LAURA selects the source configuration that tries to mimic the biophysical behavior of electric vector fields (i.e. activity at one point depends on the activity at neighboring points according to electromagnetic laws). The solution space was calculated on a realistic head model that included 4024 nodes, selected from a 6ϫ6ϫ6-mm grid equally distributed within the gray matter of the Montreal Neurological Institute's average brain.
RESULTS

Behavioral results
Reaction times. Fig. 2a shows the mean RTs for the correct responses of all 11 participants in the upright and inverted conditions. There was a significant effect of Orientation (F(1,10)ϭ62.31, PϽ0.001), with inverted stimuli (meanϮSDϭ1074.5Ϯ270.5 ms; Supplemental Table 1a) eliciting longer RTs than upright stimuli (meanϮSDϭ 764.0Ϯ163.4 ms; Supplemental Table 1b) . We also found a main effect of Angle (F(4,40)ϭ7.8, PϽ0.001) with increasing RTs as the angle of rotation increased. Finally, a significant OrientationϫAngle interaction (F(4,40)ϭ8.5, PϽ0.001) was found, reflecting the different RT patterns for upright and inverted stimuli: whereas RTs increased monotonically for the upright condition, they followed a U-shaped function for the inverted stimuli. In the upright condition, 10 of the 11 participants showed a monotonic increase with the increasing angle of rotation and in the inverted condition, 9 of the 11 participants displayed a U-shaped pattern.
Error rates. Fig. 2b shows the mean error rates in the upright and inverted conditions. The patterns were similar to those observed for reaction times. The 2ϫ5 repeated measures ANOVA with Orientation (upright, inverted) and Angle (0°, 45°, 90°, 135°, 180°) as within-subject factors showed an effect of Orientation (F(1,10)ϭ12.1, PϽ0.01), revealing higher error rates for the inverted stimuli (meanϮSDϭ14.1%Ϯ12.4%; Supplemental Table 2b ) compared to the upright ones (meanϮSDϭ3.2%Ϯ3.8%; Supplemental Table 2a ). Also, a main effect of Angle (F(4,40)ϭ8.6, PϽ0.001) was shown, with increasingly higher error rates for larger angles. Finally, we found a significant OrientationϫAngle interaction (F(4,40)ϭ4.3, PϽ0.01), reflecting the different error patterns for upright and inverted stimuli depending on the stimulus angle. As for RTs, errors for upright bodies increased monotonically, they followed a Ushaped function for the inverted stimuli (the latter was less obvious than for RTs, but was especially evident and significant for the two largest angles and 90°).
Participant reports. Debriefing of the participants after the experiments revealed that all 11 participants had imagined themselves in the position of the presented human figure before giving their answer. They also reported that upright human body positions were easier to adopt than inverted ones. 9 of the 11 participants stated that for upright stimuli some angles were easier to identify (0°, 45°) than others (180°). However, this was not the case for inverted stimuli as participants did not particularly report some angles to be easier than others.
EP analysis
EP mapping of the group-averaged data revealed several distinct time segments of brain activity as reflected by stable voltage topography (or EP maps) for the upright and inverted condition. These brain activations showed differences depending on the angle of the body stimulus and whether mental body transformations were carried out for upright or inverted bodies. Our data reveal three such sequential steps of brain activation in the time periods of both upright and inverted conditions from ϳ220 to ϳ490 ms after stimulus onset. First, brain activity from ϳ220 to ϳ360 ms (1) encodes mental body transformation independent of whether the shown body is upright or inverted (MapT). Second, brain activity from ϳ350 to ϳ460 ms, encodes (2) mental body transformations for upright bodies (MapUT) followed (ϳ390 to ϳ490 ms) by brain activity encoding (3) mental body transformations for inverted bodies (MapIT; Fig. 3 ).
Brain activation at 220 -360 ms encodes mental body transformation.
Our analysis revealed the presence of brain activity (MapT), whose duration (in ms) and GFP (map strength in V) reflected behavioral performances for upright and inverted bodies. This is shown in Fig. 4 , where we plotted duration and strength of MapT for upright bodies that correlate positively with Angle, but follow a Ushaped function for inverted bodies. MapT appeared from ϳ220 to ϳ360 ms after visual stimulus onset (Fig. 3) . For the duration of MapT, statistical analysis revealed no effect of Orientation (F(1,10)ϭ0.32, Pϭ0.58). There was no main effect of angle (F(4,40)ϭ2.17, Pϭ0.09). No significant OrientationϫAngle interaction was found F(4,40)ϭ0. 97, Pϭ0.43) . For the strength (or GFP) of MapT, statistical analysis revealed a main effect of Angle (F(4,40)ϭ3.2, PϽ0.05), with higher GFP for the larger angles than the smaller ones. Moreover, a significant OrientationϫAngle (F(4,40)ϭ3.5, PϽ0.05) was found with GFP increasing linearly with angles in the case of upright bodies, but not in the case of inverted ones where it followed a U-shaped function (Fig. 4) . No significant effect of Orientation was found (F(1,10)ϭ0.42, Pϭ0.53). To summarize, the strength of MapT that ranges from ϳ220 to ϳ360 ms, closely reflects behavioral performance in mental body transformations for the different angles for upright as well as inverted bodies. This suggests that the strength, but not the duration, of MapT reflects the mental transformation effort differently for upright and inverted bodies.
Brain activation at 350 -460 ms encodes mental body transformation for upright bodies.
Following MapT, our analysis revealed the presence of MapUT that appeared between ϳ350 to ϳ460 ms after visual stimulus onset (Fig.  3) and reflected mental body transformations for upright bodies. The duration and strength of MapUT inversely correlated with the angle of upright bodies (Fig. 5a ). Thus, MapUT lasted longer for upright bodies (mean duration: 100.4Ϯ14.9 ms) than for inverted bodies (mean duration: 50.0Ϯ16. 
Pϭ0.24).
For the strength of MapUT, we found a significant main effect of Orientation (F(1,10)ϭ7.6, PϽ0.05), with higher GFP values for the upright than the inverted condition (Fig. 5 ) as well as a significant OrientationϫAngle interaction (F(4,40)ϭ3.0, PϽ0.05), with GFP progressively decreasing with the angles of upright bodies (Fig. 5a) , and a U-shaped function for the angles of inverted bodies (Fig. 5a) . No main effect of Angle was found (F(4, 40)ϭ1.7, Pϭ0.17) . Note that inspection of Fig. 5a reveals similar patterns for the duration of MapUT, although these were not significant except for orientation. To summarize, MapUT appears from ϳ350 -ϳ460 ms, and is prolonged and stronger during mental transformations of upright bodies, and decreases in strength for upright bodies with increasing angles.
Brain activation at 390 -490 ms encodes mental body transformation for inverted bodies. The following
MapIT appeared between ϳ390 to ϳ490 ms after visual stimulus onset (Fig. 3) and reflected mental body transformations for inverted bodies. Its duration and strength were increased for inverted bodies and its strength mimicked behavioral performance (RTs) for inverted bodies (Fig. 5b) . With respect to its duration, MapIT lasted significantly longer for inverted bodies (mean duration: 82.8Ϯ16.1 ms) than upright bodies (mean duration: 67.6Ϯ14.9 ms; F(1,10)ϭ9.8, PϽ0.05; Fig. 5b ) without a significant main effect of Angle (F(4,40) ϭ0.74, Pϭ0.56) or a significant OrientationϫAngle interaction (F(4, 40)ϭ1.4, Pϭ0.24) . For GFP strength we found a significant effect of Orientation (F(1,10)ϭ5.8, PϽ0.05), with higher GFP for inverted bodies as compared to upright bodies. Moreover, a significant OrientationϫAngle interaction was found (F(4,40)ϭ4.7, PϽ0.01), with GFP progressively decreasing from 0 to 90°( Fig. 5b; empty squares) and then increasing from 90 to 180°for inverted bodies (U-shape) (Supplemental Table  5d ), while the opposite pattern was found for upright bodies (inverted U-shape; Fig. 5b . No main effect of Angle was found (F(4,40)ϭ0.25, Pϭ0.90). To summarize, MapIT appears from ϳ390 to ϳ490 ms, is prolonged and stronger during mental transformations of inverted bodies and its strength mimics RTs for inverted bodies.
Electrical neuroimaging: source localization. A linear inverse solution (LAURA; Grave de ) was applied to all three EP maps.
MapT was localized to bilateral temporo-occipital cortex and left temporo-parietal cortex. The maximal peak of activation in the left temporo-occipital cortex was at Ta MapUT was localized to bilateral temporo-occipital cortex and the maximal peak of activation was in left temporooccipital cortex (Talairach coordinates; Ϫ18 [x], Ϫ87 [y], and Ϫ13 [z]). Other activated brain regions were in the vicinity of the left precuneus and/or the medial parieto- ). This is shown in Fig. 7a .
MapIT was localized to bilateral temporo-occipital cortex and the maximal peak of activation was in right temporo-occipital cortex (Talairach coordinates; ϩ42 
DISCUSSION
The aim of this study was to investigate the time course and location of brain activation during the mental transformation of whole human bodies. A large set of stimulus angles (as used by Parsons (1987a) in his seminal study) employed and the body stimuli were presented in upright and inverted orientations. Behavioral analysis revealed two main findings: participants were faster for upright than inverted bodies and RTs were different depending on the angle of the bodily stimulus (and whether the body was upright or inverted). More specifically, RTs and error rates increased linearly with the angle of rotation for upright bodies, likely reflecting a mental transformation process, whereas the pattern of RTs and error rates was different for inverted bodies. This is compatible with data showing that the processing of bodies and body parts in the familiar upright position is facilitated and qualitatively different from the processing of bodies and body parts (arms, hands, and fingers) in unfamiliar or impossible positions (Parsons, 1987b; Parsons et al., 1995; Daems and Verfaillie, 1999; Verfaillie and Daems, 2002; Overney et al., 2005; Petit and Harris, 2005) . We note that this "inversion effect" in mental imagery may also be comparable to the findings of Reed et al. (2003) regarding the inversion effect for human bodies during perceptual tasks. Reed et al. (2003) found that inverted bodies are processed slower and less accurately than upright bodies and this is arguably evidence for the configural processing of upright human bodies (Reed et al., 2003 (Reed et al., , 2006 . At present it is not known whether the observed "inversion effect" in mental imagery is due to interference with configural mechanisms, incongruency between the participant's body position and the orientation of the stimulus, greater visual familiarity for upright bodies, or the impossibility of corresponding body positions. Likely, a combination of these different factors influences the mental imagery for these important social visual stimuli. In the current study, it is possible that participants used different rotation routes across the different angles of inverted stimuli. Participants could have used either the picture plane rotation for some stimulus angles as compared to the depth plane rotation for other angles. Rotation strategies in the roll plane have been reported to lead to slower RTs than rotation strategies in the pitch plane (Murray, 1997) and our participants may have used different strategies depending on the orientation and angle of the stimulus.
The main goal of the present neuroimaging study as mentioned above was to investigate the time course and location of brain activation during mental whole body transformations. Using EP mapping and electrical neuroimaging we show that such transformations are associated with three distinct processing steps: (1) an early brain activation that does not distinguish between upright and inverted bodies, but closely reflects the effort of mental transformation, followed by a brain activation that (2) encodes mental transformation for upright bodies, and a later brain activation that (3) encodes mental transformation for inverted bodies. These data suggest that mental body transformation is not a single process but a sequence of processing steps, each of which reflects a different aspect of the transformation process depending on rotation angle and/or stimulus orientation. Our ERP data further reveal that the differences in strength (and duration) between the experimental conditions during these three processing steps are relative and not absolute and accordingly also point to a functional overlap during all three sequences of brain processing.
The brain activity associated with mental transformation for upright and inverted bodies (1, MapT) appeared between 220 and 360 ms and was thus slightly earlier than what has previously been found for mental transformation or rotation of external objects (between 300 and 800 ms; Kosslyn et al., 1994; Pegna et al., 1997; Harris et al., 2000; Jordan et al., 2001; Gauthier and Tarr, 2002; Podzebenko et al., 2002; Harris and Miniussi, 2003) . However, it has also been suggested that the mental transformation of human bodies may occur at an earlier latency than for other objects: 330 ms for human bodies (Blanke et al., 2005) and 310 ms for body parts (Overney et al., 2005) . The present data are compatible with such slightly earlier brain processing related to mental transformation concerning human bodies, when tested with many angles and compared to inverted bodies. We also believe that the brain processes represented by MapT, UT, and IT are related to mental transformation and not simply to visual perception as ERP components related to visual perception are generally found earlier-at ϳ70, 100, or ϳ170 ms after stimulus onset-as compared to the present ERP components Stekelenburg and de Gelder, 2004; Thierry et al., 2006; Meeren et al., 2008) . The timing of the brain activations in the present experiment also conforms with the time periods found in previous studies on mental imagery from us and other groups (Pegna et al., 1997; Jordan et al., 2001; Harris and Miniussi, 2003; Milivojevic et al., 2003; Blanke et al., 2005; Overney et al., 2005; Arzy et al., 2006) . Finally, previous work has also carried out "passive viewing" control conditions (without mental imagery) and described the absence of the ERP processes linked to mental body transformation at ϳ300 -450 ms (e.g. Blanke et al., 2005, as presented here) . Concerning the neural mechanisms, previous studies on mental rotation of external objects have shown bilateral occipito-parietal, and frontal activations, whereas body transformations have been linked to activations in the bilateral temporo-parietal cortex, posterior parietal and the extrastriate cortex. It thus seems that mental transformation processes for body and nonbody stimuli rely at least partly on distinct (as well as shared) brain mechanisms with respect to the neuroanatomy and the timing of brain activity. Of course this statement has to be regarded with caution, since the present study did not (and did not intend to) compare mental transformation of bodies versus body parts or other objects. It will be important in future work to determine the exact degree of spatial and temporal overlap of brain activations related to the mental transformation of whole bodies and other objects. The strength of the early brain activation MapT closely reflected the behavioral mental transformation curves for upright as well as inverted bodies. Accordingly, we suggest that this brain activity represents the aspect of the mental transformation process that encodes the mental activity related to both upright and inverted stimulus orientations. Our finding of brain activations in the temporo-parietal cortex and the extrastriate cortex is compatible with the results of earlier studies using EP mapping and electrical neuroimaging (Blanke et al., 2005; Arzy et al., 2007) and fMRI (Zacks et al., 1999) . The activation is also partly overlapping with or adjacent to the posterior parietal cortex, and activation in this region has previously been observed in several mental transformation studies (Tagaris et al., 1996; Alivisatos and Petrides, 1997; Richter et al., 1997 Richter et al., , 2000 Carpenter et al., 1999; Iwaki et al., 1999; Harris et al., 2000; Jordan et al., 2001; Podzebenko et al., 2002) .
For the period from ϳ350 to ϳ490 ms after stimulus onset, our electrophysiological data reveal a double dissociation between mental transformation for (2) upright and (3) inverted bodies, both being associated with a different brain activation. These periods were partly overlapping, but different time periods for the mental transformation of upright bodies (350 -460 ms) and inverted bodies (390 -490 ms) were found. Thus, whereas brain activation reflected by MapUT (stage 2) was longer lasting and stronger in the upright than the inverted condition, the opposite was true for the brain activation reflecting MapIT (stage 3). As in all previous work from our group as well as other ERP data these dissociations or double dissociations are relative rather than absolute. Moreover, both brain activations did not simply dissociate between stimulus orientations, but also reflected transformation processes for their preferred stimulus: the strength and duration of MapUT correlated negatively with upright angles and RTs, whereas the strength and duration of MapIT correlated positively with RTs for inverted bodies. This suggests that these processes are complementary and more specific mental transformation processes compared to those reflected by the preceding brain activation (MapT). While both maps strongly activated extrastriate cortex, each of these maps also activated different regions in the brain. While MapUT showed additional activation of the medial parieto-occipital and temporo-parietal cortex (similar to MapT), MapIT was localized to the extrastriate and the left ventral prefrontal cortex (Stekelenburg and de Gelder, 2004 ). Activation of the medial parieto-occipital cortex in the upright condition (MapUT) is consistent with other findings on mental transformations highlighting posterior parietal activation (Alivisatos and Petrides, 1997; Richter et al., 1997 Richter et al., , 2000 Iwaki et al., 1999; Harris et al., 2000; Jordan et al., 2001) , and with a previous study on body part transformations using EP mapping and electrical neuroimaging (Overney et al., 2005) . The temporo-parietal activation also corroborates previous data using the same EP mapping and electrical neuroimaging methods as employed in the present study (Blanke et al., 2005; Arzy et al., 2006) . The prefrontal activation related to MapIT that we observed only in the case of inverted bodies also agrees with previous reports which suggests that this activation may be due to a surprise-related reaction or arousal while seeing unfamiliar bodily orientations (Overney et al., 2005) or bodily conflict (Fink et al., 2000; Tsakiris et al., 2007) . The timing of MapUT and MapIT also confirms results from previous EP studies (Blanke and Arzy, 2005; Blanke et al., 2005; Arzy et al., 2006) . In summary, brain activity during all three processing steps-ranging from ϳ220 to ϳ490 ms-encoded mental transformation processes for whole human bodies. Although the earliest brain activation in extrastriate and tem-poro-parietal cortex did not distinguish between transformations for upright and inverted bodies, both later brain activations did, suggesting that general mental transformation processes precede more specialized processes for whole human bodies, with those for inverted bodies being the most delayed. We reiterate that the present data does not allow us to claim that this sequence of processing steps is specific for the mental transformation of human bodies as opposed to other objects. This was the focus of previous work from us (Blanke et al., 2005; Overney and Blanke, 2009 ) as well as other groups (i.e. Kosslyn et al., 1998) . As stated above, the main goal of the present neuroimaging study was to investigate the time course and location of brain activation during mental whole body transformations. The time period of both later brain activations (MapUT and MapIT) overlaps with the time period of brain activations reflecting other dissociations in mental body transformations for whole bodies, such as embodied versus disembodied self locations (Blanke and Arzy, 2005; Arzy et al., 2006) , and mental transformation of external objects, suggesting the involvement of this later period in more specific (i.e. upright bodies, inverted bodies, hands, external objects, self) transformation processes, whereas the earlier activity is likely to reflect more basic aspects of mental transformations. These data suggest that cogitations (spatial reasoning, action planning and problem solving as measured by mental imagery; Shepard and Hurwitz, 1984; Corballis, 1997) with respect to one of the most frequent visual stimuli in our social world are encoded by a sequence of brain activations in a specific time window and specific brain areas. We note, that this statement has to be regarded as preliminary since we did not test the mental transformation of any stimuli other than whole human bodies. In future work it will also be important to determine the degree of spatial and temporal overlap of brain activations related to the perception of whole bodies (Allison et al., 2000; Downing et al., 2001; Thierry et al., 2006; Urgesi et al., 2007) and those cogitations related to the mental transformations of these stimuli.
